A -Surface area of heater B -Capitalized value of change in heat rate C n -Total enthalpy rise across the heater F -Salisbury leverage factor F n -Drain flow leaving heater G n -Change in heat rate due to change in drain cooler terminal temperature difference h -enthalpy H -Reference cycle heat rate H n -Change in heat rate due to change in terminal temperature difference I -Value of incremental power K -Net output of reference cycle LMTD -Log mean temperature difference L n -Enthalpy rise across drain cooling section Q n -Total feedwater flow rate R n -Enthalpy rise across condensing section S -Incremental heater surface capital cost 
ABSTRACT
The intent of this study is to discuss some of the many factors involved in the development of the design and layout of a steam turbo-generation unit as part of a modular Generation IV nuclear power plant. Of the many factors involved in the design and layout, this research will cover feed water system layout and optimization issues. The research is arranged in hopes that it can be generalized to any Generation IV system which uses a steam powered turbo-generation unit. The research is done using the ORCENT-II heat balance codes and the Salisbury methodology to be reviewed herein.
The Salisbury methodology is used on an original cycle design by Famiani for the Westinghouse IRIS and the effects due to parameter variation are studied. The vital parameters of the Salisbury methodology are the incremental heater surface capital cost (S) in $/ft 2 , the value of incremental power (I) in $/kW, and the overall heat transfer coefficient (U) in Btu/ft 2 -°F-hr. Each is varied in order to determine the effects on the cycles overall heat rate, output, as well as, the heater surface areas. 
INTRODUCTION
The intent of this study is to discuss one of the many factors involved in the development of the design and layout of a steam turbo-generation unit as part of a modular Generation IV nuclear power plant. This report covers issues involved in regenerative or feedwater system layout and optimization and a methodology for design work. The research is arranged in hopes that it can be generalized to any Generation IV system which uses a steam powered turbo-generation unit. However the methods are utilized here on conceptual designs for the Westinghouse International Reactor Innovative and Secure (IRIS). The effects of variation of some of the main parameters used in the method are shown. Also, the methods are used to do a small comparative analysis of two plant designs, a complex more thermally efficient design and a simpler less efficient design. It is desired that this research can be used to help make trade-off decisions for modularized Generation IV nuclear power systems. concept by UTK. The objectives of each group were to develop the conceptual designs and layouts for said systems and refine them through interaction with various industrial partners for the first two years and then the third and final year all three designs are to be evaluated by the UTK industrial engineering group.
The design under evaluation for this study is from the UTK LWR group, however the methodology can be generalized and used for any steam system. This LWR concept uses the Westinghouse International Reactor
Innovative and Secure (IRIS) concept as the primary component. This concept is a pool-type pressurized water reactor (PWR) capable of producing 1000 MW of thermal power per unit. Many partner groups are working in the IRIS consortium on various aspects of the system. A list of some of the technical publications for this system can be found in the reference section, from which the general design information is obtained, for this research.
This document is split into four sections. Section 2 gives a brief description of the design parameters to be used in this study. Section 3 shows the development of the Salisbury methodology used in the study as well as a description of the ORCENT-II computer code. Section 3 also shows the methodology in use for the optimization, the effects of parameter variation and a comparison of two designs. Section 4 states the conclusions and summarizes the work presented as well as proposes any future work.
DESCRIPTION OF WESTINGHOUSE IRIS
As stated in the introduction the Westinghouse IRIS is used as the primary component for this study. The selection of the IRIS by the UTK team was "due to its innovative design and its compliance with Generation IV reactor goals" (Williams, 2002) . The key difference between IRIS and other pool-type PWRs is its integral design.
The integral design encloses the steam generators (SGs) as well as the primary pumps inside the primary pressure vessel. This eliminates the possibility of large break loss of coolant accidents (LOCA) in primary looping a major design concern in PWR technology. Originally in 1999 the IRIS was proposed as a modular 300 MW thermal power unit to be deployed by 2010. Since then it has been modified to 1000 MW of thermal power output. The IRIS has undergone various other design modifications mainly involving the steam generators. In 2002, the reference design has been determined to be a system of 8 helical tube SGs with parameters as shown in Table   1 . These values are used as a steady state for all of the heat balance calculations to be performed in this study. In order to optimize the T n and Y n several factors must be first determined. A determination of the amount of change in heat rate of the total system caused by a degree change in temperature of the T n (H n ) and Y n (G n ) must be determined through heat balance calculations. Therefore one must first determine a reference cycle with generic T n and Y n estimates in order to determine a value for each heaters' terminal temperature difference effect on the heat rate (H n and G n ). It is customary to modify the extraction pressures in order to create equal enthalpy rise or temperature rise of the feedwater across each of the regenerative heaters. The typical generic values used for the heaters are 5°F for T n and 10°F for Y n . Assuming the change in heat rate due to a change in T n or Y n is linear, the effect of changing the T n or Y n separately for each heater across a range of temperatures is done. The resulting effect on the heat rate (H n and G n ) is obtained through heat balance calculation and would be extremely time consuming without the utilization of a computer program. The resulting H n and G n are used in the calculation of the optimal T n and Y n in Eq. 6 and Eq. 7. There are two main factors in the optimization of the cycle, one is the incremental heater surface capital cost (S) in $/ft 2 . The second is a leverage factor (F) developed by Salisbury in order to aid in analytical calculation of cycle cost. This value is determined by a combination of capitalized value of heat rate change (B) in $/Btu/kWh, the value of incremental power (I) in $/kW, the reference cycle heat rate (H) in Btu/kWh and the net output of the reference cycle (K) in kW. The equation for F is shown as Eq. 1.
Finally the overall heat transfer coefficient (U) for each heater must be known in order to determine the size of the surface area. This value is typically found experimentally for specific heat exchanger designs and is difficult to determine analytically. Therefore, for this study the average values of 650 Btu/ft 2 -°F-hr and 450 Btu/ft 2 -°F-hr recommended by Salisbury are used for the initial T n and Y n respectively. With the prior factors known, the calculation of the optimized regenerative cycle can be performed.
In order to calculate the optimized terminal temperature differences the enthalpy rise must be determined for both the condensing (R n ) and drain cooling (L n ) sections separately. This can be done with Eqs. 2 and 3 respectively where C n is the total enthalpy rise across the heater, Q n is the total feedwater flow through the heater and F n is the drain flow leaving the heater.
With the values determined from Eqs. 2 and 3, the surface area of the heater (A) can be found by the log mean temperature difference (LMTD) method as shown in Eqs. 4 and 5. Finally the optimum T n can be found using Eq. 6 and the optimum Y n by Eq. 7.
These values for T n and Y n can be substituted back into the heat balance in order to determine the new optimized heat balance as well as the new feedwater heater surface areas. It is important to note that when the T n and Y n are modified for the highest-pressure feedwater heater, the steam generator inlet conditions will change.
In order to maintain the original steam generator conditions the extraction pressure for this heater must be modified. This is done in an iterative manner until the original value is regained. This methodology will be referred to as the Salisbury method throughout the remainder of this document.
It is used to optimize each cycle that is presented in the following sections. It is important to note the multiple variables and non-linearity of this method makes for iterative procedures and it is very important to use a heat This code is obtainable from the ORNL RSICC Peripheral Shielding Routine Collection. This code has been updated and compiled into a DOS executable using FORTRAN 77 without any major modifications for use in this study. The most important output to be used for this research is the overall heat rate and net output of the turbinegenerator as well as the inlet and outlet conditions of the regenerative heaters.
PARAMETER VARIATION EFFECTS
Three of the vital parameters of the Salisbury methodology are, as stated previously, the incremental heater surface capital cost (S) in $/ft 2 , the value of incremental power (I) in $/kW, and the overall heat transfer coefficient (U) in Btu/ft 2 -°F-hr. It is important for one to know the effects of each of these parameters on the cycle as a whole in order to make effective design decisions. Therefore, each is varied in order to determine the effects on the cycles overall heat rate, output, as well as, the heater surface areas. This is performed using the cycle proposed by Famiani (to be described later). Table 2 shows the effect of varying the incremental heater surface area capital cost from the original $35/ft 2 to $55/ft 2 . It can be seen that, depending on the heater cost, the surface area can be substantially decreased without causing major decreases in the heat rate and output. Table   3 shows that the variation of incremental power cost, I, causes less of a change in the size of the heat exchangers as well as the output. Finally in Table 4 , the heat transfer coefficients, U, are varied for both T n and Y n .
Decreasing the value has more of an effect that increasing it on the surface areas. Neither greatly changes the output of the system. heaters. This concept keeps the same condenser parameters as the first design. The two designs can be seen in schematic form in Figure 2 . Utilizing the above methods the two designs can be compared. A key point is the maintenance of the steam generator conditions. Each cycle is evaluated as follows in Table 5 .
The important differences are that the net output is about 1% less for the INRC8 as compared to the Famiani design. There is an increase of 11% more surface area in the INRC8 heaters but the reduction in complexity could outweigh these effects. It is important to note that for each feedwater heater there are at least four piping runs that need to be added just for the main steam. This does not include the sensors and auxiliary equipment needed.
This means that there are also only four units instead of seven to be moved and more of the cycle would be contained per module. Another important finding is that in order to decrease the surface area of the feedwater heaters; the steam generator conditions must be modified. It might be worthwhile to study the effectiveness of reducing the steam generator inlet temperature and losing some of the efficiency in order to reduce the size of the overall plant. The primary purpose of this small study is to show the possibilities for complexity reduction as an important idea in modularity as well as size reduction. quickly and easily analyze multiple plant designs. The effects of variation of the key parameters from this study can be used to help in determination of various trade-off opportunities. One of these is a reduction in complexity vs. size and vs. performance. It might be worthwhile to sacrifice performance in order to gain simplicity.
Furthermore, it is found that in order to determine the cycle layout one must put some value on the modularity of the plant. Using the Salisbury method this could be done by increasing the incremental value of the heater surface area. The size and portability of the unit may be of little economic importance on large waterways but could be quite expensive when inland or landlocked sites are considered. One could develop an incremental heater cost for various siting conditions. It could be similar to the costing of real estate. The site on a large waterway could be compared to building a home on less developed rural land and the landlocked site would be comparative to downtown Tokyo. One could easily see the reasoning behind the difference between the size of the housing in each of these areas. However in order to reason the trade-offs in size and layout for the modularity of nuclear power plants one finds the need for analytical tools and methods like Salisbury's as above outlined.
